A novel bacterial strain, STB1, was isolated from a commercial sea bass hatchery and found to display high heterotrophic ammonium removal characteristics at different concentrations of ammonium ðNH þ 4 À NÞ. The species identity of STB1 was determined via 16S rRNA gene sequence analysis to be Acinetobacter calcoaceticus. We evaluated ammonium removal characteristics of STB1 at varying ammonium concentrations, and observed that STB1 can almost completely remove ammonium at low (50 mg l À1 ), and medium (100 mg l À1 ) concentrations within 72 h, while 45% ammonium removal was observed at a higher concentration (210 mg l
Introduction
One of the main problems in water quality management is the inadequate remediation of high ammonium and nitrogen concentrations of aquatic systems, which is primarily caused by industrial, agricultural, urban or domestic wastewater efflux into natural freshwater or marine environments (Taylor et al., 2009) . Ammonia is one of the most toxic nitrogenous compounds to aquatic life and exists in water in two forms: as non-dissociated ammonia (NH 3 ) or mostly as ammonium ion ðNH þ 4 Þ; the latter of which is found to be severely toxic to aquatic organisms (WHO, 1990; US EPA, 2009 ). The acute toxicity of ammonia is affected by several environmental factors such as water temperature, pH and salinity, as well as the amount of dissolved oxygen in water. Therefore, ammonia concentrations between 2 and 10 mg l À1 are usually lethal to most aquatic life, and the acceptable level for ammonia in drinking water is designated as 1.5 mg l À1 by the U. S. Environmental Protection Agency (US EPA, 2009). Other forms of nitrogen, such as nitrite and nitrate, can also be highly toxic to aquatic life, with nitrite in particular being highly toxic to most aquatic organisms. However, nitrite is not stable in aquatic environments and is rapidly oxidized to nitrate, resulting in relatively low nitrite concentrations in water (Russo, 1985) . Nonetheless, both compounds are characterized with relatively low acceptable concentration thresholds. According to the US EPA, the sum of the nitrite and nitrate concentration in drinking water should be lower than 10 mg l
À1
, and the separate limits of nitrite and nitrate are designated as 1 mg l À1 and 10 mg l À1 , respectively (NJDEP, 1997) . Since the presence of free ammonia in aquatic systems constitutes a potential health hazard, efficient removal of ammonia and other nitrogenous compounds from fresh and saltwater environments is highly desirable (US EPA, 1993; Taylor et al., 2009) . Many methods are currently utilized to reduce the amount of ammonia present in water, and biological nitrogen removal is a common approach for ammonium remediation of both natural aquatic systems and industrial wastewater as it is significantly cheaper, more effective and devoid of undesirable sideproducts compared to the alternative physical and chemical remediation processes such as ion exchange and adsorption (US EPA, 1993; Rostron et al., 2001; Jorgensen and Weatherley, 2003; Khardenavis et al., 2007; Andrade do Canto et al., 2008) . The biological remediation process of ammonium primarily involves its conversion into nitrogen, which is carried out mostly by autotrophic nitrifiers and heterotrophic denitrifiers (Sinha and Annachhatre, 2006; Zhao et al., 2010) . Autotrophic nitrifiers oxidize ammonium and convert it to nitrification products, such as nitrite or nitrate, while heterotrophic denitrifiers utilize those nitrification products and convert them to gaseous denitrification products, especially nitrogen gas (N 2 ). Some heterotrophic denitrifiers have the ability to utilize ammonium as well, and those can simultaneously carry out both nitrification and denitrification. While heterotrophic microorganisms are tolerant to, or even dependent on, high concentrations of ammonium and organic matter, autotrophic microorganisms are generally incapable of surviving in such environments (Joo et al., 2005) . Recent studies have highlighted the fact that nitrogenous wastewater sources may be relatively high in organic carbon and nitrogen. Therefore, ammonium removal by heterotrophic denitrifiers seems to be particularly advantageous, especially since autotrophic nitrifiers are usually sensitive to high amounts of ammonium and carbon and have difficulty growing in these conditions (Yang et al., 2011) . A wide variety of bacteria has been characterized with regards to their potential use in bioremediation of ammonium or other nitrogenous waste products, which mostly act by converting the residual ammonia into nitrogen gas under heterotrophic conditions such as Alcaligenes faecalis, Acinetobacter calcoaceticus, Thiosphaera pantotropha, Bacillus sp., Microvirgula aerodenitrificans, Pseudomonas stutzeri, Pseudomonas putida, Comamonas sp. and Diaphorobacter sp. (Taylor et al., 2009; Zhao et al., 2010; Yang et al., 2011) . Furthermore, some bacterial species have oligotrophic characteristics which can survive in low nutrient conditions with minimal growth and low rates of metabolism, however, some members of those bacteria tend to be heterotrophic under nutrient-rich conditions (Schmidt and Schaechter, 2011) .
Artemia (commonly known as brine shrimp) is widely used as live feed in aquatic ecosystems, and the nauplius stage in particular is commonly utilized as live feed in marine hatcheries (Wu and Chu, 2007) . Artemia can survive exposure to wide ranges of salinity, temperature and adverse environmental conditions; which combined with a short life cycle and the relative ease of rearing, make Artemia a very suitable model organism in ecotoxicity tests (Nunes et al., 2006) . This work details the isolation of a novel A. calcoaceticus strain STB1 from a hatchery and describes its potential for removing ammonium in industrial wastewater systems or natural ammonium-contaminated environments, with in vitro experiments and in vivo tests by using Artemia salina nauplii survival and growth rates as an indicator.
Materials and methods

Culture media and isolation of STB1
Brackish water samples were collected from a commercial sea bass farm in Mugla, Turkey and enriched for ammonia-reducing bacteria by using a medium containing 1.3 g of (NH 4 ) 2 SO 4 , 0. (Nejidat, 2005) . Autotrophic or oligotrophic bacterial growth was aimed by the use of a N-supplemented, C-free medium. The pH of the medium was adjusted to 7.8e8 via K 2 CO 3 and supplied with either no additional salts (low salt medium, LS), 300 mM NaCl (high salt medium, HS) or 600 mM NaCl (sea salts medium, SS). All reagents utilized in this study were purchased from SigmaeAldrich (USA). Brackish water samples were then inoculated (6% v/v) in all three media and incubated at 125 rpm, 30 C for 33 days. 50% of media for each culture were replaced every five days and pH was maintained in the 7.8e8 range via K 2 CO 3 . Concentrations of ammonia, nitrate and nitrite were measured by their respective test kits (Merck Ammonium Cell Test 14559, Merck Nitrate Cell Test 14563 and Merck Nitrite Cell Test 14547; Merck, USA). Samples were streaked on LS, HS and SS agar plates every five days and incubated at 30 C for 5 days. All tests were done in triplicate. The term "survival" was used to indicate minimal growth of different isolates. While low survival rates were observed in the LS and HS media, a higher survival rate was observed in the SS medium sample at the end of this time period, and the potential ammonium-oxidizing isolate obtained from this plate was designated STB1.
16S rRNA gene sequence analysis
The species identity of STB1 was determined via 16S rRNA gene sequencing. DNA isolation was carried out via DNeasy Blood & Tissue Kit (QIAGEN, Germany). For the PCR amplification and further sequencing, a modified protocol in which 1.25 U Platinum Taq polymerase, 0.2 mM dNTP, 0.4 pmol T3 (ATTAACCCTCAC-TAAAGGGA) and T7 (TAATACGACTCACTATAGGG) primers encompassing the entire 16S gene, 1.5 mM MgCl and 1Â Taq buffer were used in 50 ml volumes (Rijpens et al., 1998) . The PCR steps were carried out as follows; initial denaturation step of 96 C for 5 min and 30 cycles of denaturation at 96 C for 30 s, annealing at 55 C for 30 s, elongation at 72 C for 30 s and a final elongation step for 72 C for 5 min. Sequencing was done via 3130xl Genetic Analyzer, with the help of BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). For analysis, ABI 3130xl Genetic Analyzer was utilized. The 16S rRNA sequence of the isolate was analyzed by NCBI's Bacterial Blast (http://www.ncbi.nlm.nih.gov) and TreeDyn software was utilized to construct and visualize a phylogenetic tree.
Heterotrophic ammonium removal experiments
After deciding STB1 is a heterotrophic microorganism rather than an autotrophic one, a modified basal salts medium was utilized to grow STB1 in shaking cultures. . Before applying the tests, samples were centrifuged for 5 min at 4,000 rpm and 4 C, and supernatants were extracted and transferred to test tubes. Pellets were also discarded and transferred to 1.5 ml centrifugation tubes. Pellet samples were stored at 4 C for further use.
Supernatants were used in analytical measurements of ammonium, nitrite and nitrate. All tests were done in triplicate. Experiments were repeated at least three times.
Determination of TN incorporated into cell biomass
Stored pellets of bacteria grown in 100 mg l À1 ammonium containing medium were utilized for detection of the total nitrogen amount incorporated into cell biomass and to the supernatant fraction from bacterial cells during the heterotrophic ammonium removal process. Samples were analyzed using an elemental analyzer for their TN content (Flash 2000 Organic Elemental Analyzer, Thermo Scientific USA) after dehydration and granulation of the cell pellets (Fagerbakke et al., 1996) . The conversion of TN amount in the unit of mg l À1 was based on the results of the total dry weight of bacteria in a 1 L growing medium. All tests were done in triplicate.
Scanning Electron Microscopy (SEM)
STB1 was inoculated in 5 ml SS medium containing 1 cm 2 bioball pieces and incubated for 7 days at 125 rpm and 30 C. The bacterial plaques were fixed by a protocol similar to Greif and colleagues' (Greif et al., 2010) . Initially, the bacterial plaques from the overnight cultures were washed twice with PBS buffer. Fixation of the cells was provided by incubating in 2.5% glutaraldehyde in PBS for overnight at room temperature. Then the plaques were rewashed twice by PBS. Dehydration of the samples was done by slowly exchanging them in a 30%e95% series of ethanol. The plaques were coated with 10 nm goldepalladium before imaging the samples. A Quanta 200 FEG scanning electron microscope (FEI Instruments, USA) was used for taking the SEM images.
Studies on Artemia nauplii
A. salina cysts were purchased from a Taiwanese manufacturer (Artemia International Co., Ltd.) and were added to 1.5 L of autoclaved sea salt medium (35 g l À1 NaCl) to facilitate hatching. After hatching of A. salina cysts and initial development of the nauplius larvae for 2 days, equal amounts of Artemia nauplii were transferred to two different environments each with a total volume of 200 ml, one containing A>. calcoaceticus strain of STB1 (2.8 Â 10 5 cfu ml À1 ), and one containing no additional bacteria. The aeration was provided by aerators. Survival of Artemia nauplii larvae was monitored each day. Samples were taken at days 0, 3, 5 and 7 following hatching for survival percentage and individual length measurements of the nauplii. All tests were done in five replicates. Experiments were repeated at least three times.
Statistical analysis
Student's t-test was applied for statistical analyses. Analyses were done by using the software Minitab Version 13.2 (Minitab Inc., USA) at a 0.05 level of probability.
Results and discussion
Isolation and preliminary characterization of STB1
In this study, we describe the isolation and identification of a novel A. calcoaceticus strain designated as STB1. Brackish water samples collected from a commercial sea bass farm were inoculated in a N-supplemented, C-free growth medium for isolation of autotrophic or oligotrophic bacteria. Samples were incubated at standard conditions and aliquots were taken periodically to examine bacterial survival on LB-agar plates. At the end of 33 day, STB1 was observed to show better survival compared to other isolates and was therefore chosen for further studies to evaluate its ammonium removal potential. Initially, STB1 grown at lower concentrations of ammonium ( 10 mg l
À1
, data not shown) in both heterotrophic and autotrophic conditions to determine which condition is better for ammonium removal by this isolate. While STB1 isolate displayed promising results for heterotrophic ammonium removal (complete removal of ammonium occurred in 72 h), minimal change was observed for ammonium concentrations in autotrophic conditions. This isolate was therefore chosen for heterotrophic ammonium removal experiments at higher concentrations of ammonium and we sought to identify its phylogeny.
Phylogenetic analysis and SEM images
16S rRNA gene sequencing analysis was performed to identify the phylogeny of the STB1 strain. A sequence of 1085 bp 16S rRNA was obtained from PCR and an accession number of JQ653966 was received from GenBank. STB1 was determined to be a member of the species A. calcoaceticus, with 98% identity according to NCBI's Fig. 1 . Phylogenetic tree of the STB1 strain according to 16S rRNA gene sequencing analysis. Bacterial Blast algorithm (http://www.ncbi.nlm.nih.gov). The phylogenetic tree of STB1 is shown in Fig. 1 . SEM images of STB1 were taken to examine the biofilm-forming capability of the isolate after fixing STB1 bacterial cells attached to bioballs at the end of a 7-day growth period. Fig. 2 shows that the bacterial cells are physically close to each other, but there was no sign for biofilm formation or cellular fusion. The general morphological properties were very similar to other strains of A. calcoaceticus, with nearidentical shape and structure (Zhao et al., 2010) .
Heterotrophic ammonium removal capability of STB1
STB1 isolate exhibited efficient heterotrophic ammonium removal at each concentration tested, though at higher concentrations (210 mg l À1 ) ammonium removal rate slowed down after 48 h and could not pass the desired threshold of 50% removal at the end of 72 h. It was observed that the initial ammonium concentration is inversely proportional to the percentile ammonium removal capability in 72 h (Fig. 3) . The isolate displayed 100% ammonium removal for the 50 mg l À1 sample, 93% ammonium removal for the 100 mg l À1 sample and 45% ammonium removal for the 210 mg l À1 sample. The sum of nitrite and nitrate, or their separate concentrations were below the legal limits for drinking water (NJDEP, 1997) . Nitrite concentration was below the detection limit and therefore assumed to be minimal. Nitrate concentrations were very close in each sample and between 1 and 2 mg l À1 at the end of 72 h growth period (Fig. 3) .
TN analysis
Total Nitrogen (TN) analysis was done to the 100 mg l À1 sample to determine the percentage of ammonia incorporated into the cell biomass during heterotrophic ammonium removal. TN analysis revealed that 22.16% of ammonium was introduced to cell biomass, while 4.34% of TN was initially incorporated into cell biomass and subsequently released to the supernatant fraction during cell growth in 72 h (Table 1) . Most of the remaining conversion products were expected to be gaseous denitrification products, a prediction supported by the high denitrification capability of A. calcoaceticus in a previous study (Zhao et al., 2010) .
Applicability of STB1 in aquatic ecosystems
We compared the effects of A. calcoaceticus strain STB1 on the growth and survival of Artemia nauplii with a control sample under identical growth conditions but without STB1 inoculation. The survival rates and total lengths of Artemia nauplius specimens were similar during 7 days of growth period and no significant difference was observed between those samples therefore, STB1 strain is found to be non-toxic for the nauplius development in A. salina (Table 2 ). The survival of larvae was sharply decreased for both samples after 5 days however, such decrease is found as usual compare to a previous study (Verschuere et al., 1999) . This promising result supports our suggestion of this strain to be utilized safely in aquatic ecosystems as a heterotrophic ammonium remover in addition to the industrial applications. We believe this strain has a high potential to be used in recirculating aquaculture farms and other industrial settings for ammonia removal. Since it is isolated from a hatchery and nitrite or nitrate accumulation is minimal, we believe STB1 could thrive in these conditions and would not have any toxic or growth retarding affects on aquatic organisms. 
